Prescribed fire produced a landscape with two types of severely burned patches: charred shrub patches and charred patches with tree trunks at the center. Soil nematodes were more abundant in burned and unburned juniper (Juniperus monosperma) tree patches than in yucca-shrub patches. There were no differences in nematode abundance between burned and unburned patches during the late spring and summer samples. Nematode abundance was significantly (p < 0.05) higher in unburned patches than in burned patches in the early spring samples, reflecting large differences in soil moisture between unburned and burned patches. There were no differences in soil nematode abundance between burned and unburned patches at oneyear post-burn and three-year post-burn sites. When all samples were pooled, taxonomic diversity, ecological indices, and abundance of trophic groups (bacteria-feeders, fungi-feeders, and omnivore-predators) were higher in unburned than burned patches. These results suggest that the long-term (up to three years post-burn) effects of fire on soil nematodes are indirect, i.e., by loss of tree canopies, litter accumulation, and shrub foliage, which affects soil temperatures and water redistribution.
INTRODUCTION
Most studies on the effects of fire on ecosystems have focused on flora, macrofauna, and atmosphere [1] . Prescribed fires and wildfires can affect the soil subsystem of ecosystems in a number of ways that modify the recovery processes and even the trajectory of recovery from fire. Fire can affect the physical, chemical and biological properties of soil, e.g., aggregate stability, poresize distribution, water repellency, bulk density, decomposer/mineralization food webs, modification of mineralization rates, carbon sequestration, microbial species composition, and nutrient availability [2] . Most studies that consider the effects of fire on soil properties and soil biotic communities have been conducted in forest ecosystems [1, [3] [4] [5] [6] .
In arid and semi-arid ecosystems, fire is frequently used to improve forage production for livestock. Fire studies conducted on arid and semi-arid ecosystems have focused on the control of invasive trees and shrubs in grasslands and savannas utilized for livestock production [7] [8] [9] . These studies reported vegetation changes but did not consider the effects of fire on soils or soil organisms. In the arid and semi-arid mountain regions of the American West, junipers (Juniperus spp.) have expanded into the livestock-grazed grasslands and shrub lands, converting these areas into savannas or woodlands [10, 11] . The increase in juniper density reduces forage production for livestock and wildlife.
Prescribed fire has become one of the most effective management tools for reducing juniper cover and regenerating shrub species that are an important browse for deer and bighorn sheep. Prescribed fire has been used on watersheds on the San Andres Wildlife Refuge in southern New Mexico for more than a decade to improve the habitat for the endangered desert bighorn sheep (Ovis canadensis). Prescribed fire in the arid pinyon-juniper savannas on the San Andres Mountain watersheds resulted in an extremely patchy landscape with respect to the intensity of burns of the grassland matrix and patches of shrubs and trees.
Free-living soil nematodes are abundant multicellular animals that participate in fundamental ecological processes in the soil, such as decomposition and nutrient cycling [12] [13] [14] . They are sensitive to different kinds of ecosystem disturbances and soil conditions [1, 12, [15] [16] [17] [18] .
Previous studies that examined forest-fire impacts on the free-living soil-nematode community reported contradictory conclusions, ranging from confirmation of forest-fire effects on the nematode community [19, 20] to refutation of such effects [21] . It was found that, over time, fire does not significantly affect nematode abundance and diversity [22] . However, in the short term after a fire (6 weeks), the total number of bacteria-feeders (Acrobeloides) and omnivore-predators increased while the number of fungi-feeding (Aphelenchoides) nematodes decreased. Root parasites remained unchanged [23] .
In arid and semi-arid regions, soil nematode communities vary considerably with seasonal rainfall and soil moisture [24] [25] [26] . In arid or semi-arid ecosystems, the effects of fire on soil nematode communities may be directly or indirectly influenced by rainfall and soil moisture [27, 28] . Moreover, changes in soil structure as a consequence of increasing water evaporation from soil pore caves lead to increases in the predation success of soil free-living nematodes on soil microorganisms [29] . Since there were no studies of the effects of fire on soil decomposition processes, soil nutrient availability, and soil biota in arid juniper savannas, we designed a series of studies to examine the effects of fire on soil processes and soil biota. We hypothesized that the effects of fire on soil nematodes in an arid savanna ecosystem would be very different from those in mesic forests [23] because of seasonal differences in soil moisture. Therefore, we designed studies to examine the seasonal effects of prescribed fire on soil nematode communities in montane juniper (Juniperus monosperma) savannas.
METHODS
The studies were conducted on adjacent watersheds (32.58˚N, 106.52˚W) in the San Andres Wildlife Refuge, New Mexico, USA: one that was burned in June 2006 and one that was burned in June 2008. The base of the watersheds was at approximately 1970 m elevation. The grass matrix is dominated by blue grama (Bouteloua) mixed with several other grama grasses, three awns (Aristida spp.), and dropseeds (Sporobolus spp.). Pinyon (Pinus edulis) and juniper (Juniperus monosperma) trees are scattered within the grass matrix but with some denser woodland patches in low areas. In addition to the trees, there are shrub patches within the grass matrix. Shrub patches are primarily formed by banana yucca, Yucca baccata, skunk bush (Rhus trilobata), and mes-quite (Prosopis glandulosa). Long-term (90 years) avera-ge rainfall in the area is 344.4 mm, with 57% of the rainfall occurring during the summer monsoon season (July-September).
The prescribed burns were set at the base of the watershed and the fire moved upslope. Because of variability in fuel and wind, the watersheds did not burn uniformly. The fire followed tortuous paths from the base of the watershed to the unvegetated mountain tops. The burn pattern provided elongated patches of variable width that were burned interspersed with similar elongated patches of unburned savanna. This allowed the pairing of samples from burned and unburned patches at the same elevation and of the same aspect. Mature juniper trees were killed by the very intense fire that consumed the entire litter layer under the tree canopies and scorched the "A" horizon. Yucca-shrub patches appeared to have burned at a lower intensity than the juniper trees but with sufficient intensity to kill the shrubs and burn any litter layer present in the yucca-shrub patches. In less than one year after prescribed burns, it was not possible to clearly distinguish between the burned areas of the grassland matrix and the unburned areas with grass cover.
A total of 56 soil samples from the upper soil layers (0 -10 cm) were collected seasonally (early spring Burned juniper patches suitable for sampling were identified by a dead tree trunk in the center of a circular patch of ash-colored soil. Burned yucca-shrub patches suitable for sampling were identified by charred Yucca baccata skeletons and charred stumps of shrubs. Burned yucca patches varied in size from approximately 1 m diameter to 3 m diameter. Unburned juniper and yucca soil samples were collected from unburned patches on the same alluvial piedmont slope with the same aspect. Soil samples were collected from burned juniper, burned yucca-shrub patches, unburned juniper, and unburned yucca-shrub patches at a site subjected to prescribed fire approximately one year prior to our study and at a site burned by prescribed fire three years prior to our study.
Litter layers, if present, were removed prior to the collection of the soil sample. Five soil samples were collected from each type of patch-burned and unburned. Soils were sieved (2 mm mesh sieve) into ziplock plastic bags and placed in insulated coolers for transport to the laboratory.
The following analyses were performed on each soil sample: soil moisture was determined gravimetrically as a percentage of dry mass by drying the samples to a constant weight at 105˚C. Soil organic matter was measured by a modified method of Rowell [30] . Nematodes were extracted from 100 g fresh soil samples using the Baermann funnel procedure [31] , and preserved in formaldehyde. The nematodes from each sample were identified to order, family, and genus using a compound microscope. Nematodes were classified into the following trophic groups according to known feeding habitats or stoma and esophageal morphology [32] : 1) bacteria feeders; 2) fungi feeders; 3) plant parasites; and 4) omnivore-predators. The total number of nematodes was counted and adjusted to 100 g dry soil.
The characteristics of the nematode communities were determined using the following indices: 1) absolute abundance of individuals adjusted to 100 g −1 dry soil (TN); 2) abundance of omnivore-predator (OP), plant-parasite (PP), fungi-feeding (FF) and bacteria-feeding (BF) nematodes (trophic structure) [33] [36] ; 6) Shannon-Weaver index (H'), H' = -∑ p i (ln p i ), where P is the proportion of individuals in the i-th taxon [37] ; 7) maturity index (MI), MI=∑υίfi/n, where υί, is the c-p value assigned by Bongers [38, 39] of the i-th genus in the nematode, fi is the frequency of family i in the sample, and n is the total number of individuals in the sample [40] . The c-p values describe the nematode life strategies, and range from 1 (colonizers, tolerant of disturbance) to 5 (persisters, sensitive to disturbance); 8) modified maturity index (MMI), which includes plantfeeding nematodes [41] ; 9) species richness, SR = (S-1)/ln(N), where S is the number of taxa and N is the number of individuals identified [42] .
Statistical Analysis
All data were subjected to statistical analysis of variance using the SAS model (GLM). Duncan's multiple range tests and Pearson correlation coefficient were used to evaluate differences between separate means (GLM, [43, 44] ). Differences with p < 0.05 were considered statistically significant. In addition, the data were tested by computing redundancy discriminant analysis (RDA) in order to provide more information by taking into account the slope orientation. The sampling sites along the slopes were related to the different soil biotic components and the soil physical parameters in order to obtain the proportional variations that contribute to the understanding of each component [45] . The Monte Carlo permutation test was used to calculate the significance of a given factor and, thus, its relevance to the measured parameter [46] .
RESULTS
Nematodes were more abundant in soils of burned and unburned juniper patches than in soils of burned and unburned yucca-shrub patches in most sampling periods. Soil organic-matter content was higher in the juniper patches than in the yucca patches on most sampling dates. There were no differences in soil organic matter between burned and unburned patches with the exception of the juniper samples in the autumn sampling period at the one year post-burn site ( Table 1) . Fire appeared to have the largest effect (p < 0.05) on the soil nematode community during cool seasons, when there were large differences in soil moisture between the burned and unburned patches. In the early spring samples from both the one-year and three-year post-burn areas, soil nematodes were significantly more abundant in soils from unburned yuccashrub and juniper patches than from burned patches. While there were no differences in soil moisture between the burned and unburned yucca-shrub patches of the early spring samples, soil moisture was significantly higher in unburned juniper patches than in burned juniper patches ( Table 1) . The high amount of moisture in soils under unburned junipers in early spring resulted from the accumulation of soil water from the 165 mm of rainfall during the 5 months preceding the sample collection date. That rainfall was nearly three times higher than the longterm rainfall for that time period (data from the Jornada Experimental Range-rain gauge network).
Although moisture was higher in soils of unburned juniper patches than in soils of burned juniper patches in late spring, summer, and autumn, there were no differences in soil nematode abundance between late spring and summer. There were no differences in soil moisture of burned and unburned yucca-shrub patches between summer and autumn samples and no differences in soil nematode abundances between soils of yucca-shrub patches during these seasons. The late spring sampling was restricted to burned and unburned juniper patches in the one-year post-burn (2008) and three-year post-burn (2006) areas and there were no differences in soil nematode abundance between burned and unburned patches despite higher soil moisture in the unburned juniper patches in the one-year post-burn area ( Table 1) . Nematode abundance was significantly higher in unburned juniper patches than in burned juniper patches in the October samples but there were no differences in nematode abun- dance between burned and unburned yucca-shrub patches. Most of the differences in nematode abundance between burned and unburned patches were of bacteriafeeding nematodes. The average number of bacteriafeeding nematodes in soils of unburned juniper patches was an order of magnitude higher than in soils of burned juniper patches in the October samples. In the March samples, the numbers of bacteria-feeding nematodes in burned yucca-shrub and burned juniper patches were significantly lower than in soils of unburned yucca-shrub or juniper patches. There were no differences in bacteria feeders between soils of burned or unburned juniper or yucca-shrub patches in the late spring or summer samples ( Table 1) .
When all sampling dates were pooled together, all soil-nematode trophic groups were found to show a higher density value in soils under unburned junipers than in burned-juniper soil (Figure 1(a) ). All trophic groups in the shrub soil patches were related to the higher soil moisture in the unburned yucca-shrub soils of the three-year post-burn site (Figure 1(c) ). The ecological indices, with the exception of the dominance index, were higher in the unburned juniper soils of the three-year post-burn site than in the burned juniper soils of either site (Figure 1(b) ). Most of the ecological indices were higher for the unburned yucca-shrub soils of the threeyear post-burn site with the exception of the maturity indices and the dominance index (Figure 1(d)) .
Acrobeles was the most widespread genus among the bacterivores, followed by the genus Eucephalobus. These genera accounted for between 11.5 and 35.1% of the nematodes in the study area ( Table 2 ). Aphelenchus and Tylencholaimus (except under juniper of the three-year post-burn patches) were the most abundant genera among the fungivores at the burned patches, while the abundance of Aphelenchoides was the highest among the fungivores from the unburned patches ( Table 2 ). The genus Filenchus was the most dominant among the plant-parasite feeding groups in the burned patches ( Table 2 ) while Trichodorus (under juniper) and Filenchus were the most dominant plant-parasite genera from soils of the unburned patches ( Table 2) . Aporcelaimus, followed by Microdorylaimus, was the most numerous among the omnivore-predator trophic groups in the burned patches, while Aporcelaimus, followed by the genus Aporcelaimellus, was the most dominant genus of the same trophic group in the unburned patches ( Table 2 ).
DISCUSSION
The reported contradictory conclusions about the effects of fire on soil nematode communities are probably due to differences in fire intensities and the direct effect of the high temperatures on the soil biota [1] . While fire has been reported to change physical, chemical, and biological properties by heating and ash deposition [2] , several months post-fire, differences in soil nematode communities were primarily attributable to the absence of shading and differences in rainfall redistribution rather than the direct effects of fire.
The direct effect of high temperatures on soil nematode communities is probably short-term whereas the long-term effects of fire depend on how fire intensity changes the structural features of the ecosystem. Koestner et al. [47] reported burn intensities measured by infrared thermometers during a prescribed fire in a savanna. In their study, burn temperatures of yucca-shrub patches ranged from 293˚C to 620˚C and the burn temperatures of junipers ranged from 587˚C to 858˚C. They reported that the entire juniper litter layer was consumed by fire and that there was a gray-white residue on the mineral soil of the burned patches. While the differences in burn intensities may have affected the soil nematodes within days or weeks following the burn, studies initiated one or more years post-burn are more likely to provide information on the long-term effects of the structural changes in vegetation. Changes in ecosystem structure affect soil biota by modifying the thermal and hydrological characteristics of the soil.
One possible effect of high temperatures generated by fire is the combustion of organic matter in the upper soil layer. Prescribed fire in the juniper savanna ecosystems in this study did not affect the organic matter content of the mineral soil, possibly because of the more humus (compacted litter layer) structure of the soils. When the litter layer of the J. monosperma burned, there was little, if any, effect on the organic matter of the mineral soil because of the distinct boundary between the mineral soil and the litter layer. Since there were few differences in soil organic matter between burned and unburned patches, differences in the nematode communities of burned and unburned patches are not attributable to the effects of fire on soil organic matter.
In this study, the effects of fire on nematode communities were primarily due to the seasonal differences in soil moisture in burned vs. unburned patches. Seasonal differences in soil moisture resulted from increased soil temperature and higher evaporation rates due to direct exposure to solar radiation in burned patches compared to shaded unburned patches. These differences are what were predicted from previous studies and models of the dynamics of soil nematodes in arid regions that document the relationship between nematode abundance and diversity and seasonal rainfall and soil moisture [24] [25] [26] . Soils of unburned juniper patches were not exposed to direct sunlight because of the deep shade provided by the dense foliage of the canopies of Juniperus monosperma and the presence of an approximately 2-cm-deep litter layer under the tree canopies. In contrast, soils of unburned yucca-shrub patches were exposed to higher solar radiation because of the much sparser shade and a thin, variable-cover litter layer that did not provide complete shade of the mineral soil. Thus, the seasonal differences in the effects of fire on the nematode communities were the result of rainfall preceding the sampling and differences in evaporation rates of burned and unburned patches as a result of the loss of shade from the trees and shrubs.
The effects of fire on the soil and vegetation affected the species composition of the nematode communities by exerting different effects on the nematode genera. Jones et al. [48] , following Yeates [49] , expressed concerns that species-level discrimination of nematode taxa was necessary for their use as ecological indicators. They concluded that generalizations based on higher levels of taxonomy are speculative at best. While we could not discern the species, the abundance of bacteria-feeding nematodes Chiloplacus and Panagrolaimus was higher in the burned patches in comparison with the unburned ones and should be considered as indicators of the recovery trajectory following fire in this arid savanna ecosystem.
The bacteria-feeding nematodes, especially Eucephalobus spp., which exhibited the largest differences in abundance in burned and unburned patches, reflect the importance of soil moisture for the reproduction and growth of the bacteria upon which they feed. The effects of prescribed fires on the abundance of different trophic groups of nematodes reflect the relative dependence of the food required by the trophic groups on soil moisture. The fungi-feeding nematode genera, which were most abundant in the soils of burned patches, probably reflect the ability of the fungi on which they feed to grow in low-moisture conditions. In arid and semi-arid soils, the growth of fungal populations is much less dependent upon soil moisture than the growth of bacterial populations [50] .
In conclusion, this study provides evidence that the long-term effects of fire in arid to semi-arid savannas on soil nematodes result from structural changes in the ecosystems: loss of microclimate-modifying tree and shrub canopies and loss of litter layers, which reduce rates of water loss from the mineral soil. Within a year after a fire, soil nematode abundance and community composition change with seasonal changes in soil water content and the soil microflora upon which they are dependent.
Over a long-term period (one to four years after fire), the effects of fire on soil nematode communities in an arid savanna ecosystem are primarily changes in the relative abundance of several dominant nematode genera. Differences in overall abundance and trophic composition are not obvious unless soil moisture is very different in burned and unburned patches.
The present study elucidates the importance of soil biota in general and soil free-living nematodes in particular as bioindicators for determining resilience of natural ecosystems in time and space following the effects of fire.
